Rapid development and adoption of biofortified, provitamin A-dense orange maize (Zea 42 mays L.) varieties could be facilitated by a greater understanding of the natural variation 43 underlying kernel color, including as relates to carotenoid biosynthesis and retention in maize 44 grain. Greater abundance of carotenoids in maize kernels is generally accompanied by deeper 45 orange color, useful for distinguishing provitamin A-dense varieties to consumers. While 46 kernel color can be scored and selected with high-throughput, low-cost phenotypic methods 47 within breeding selection programs, it remains to be well established as to what would be the 48 logical genetic loci to target for selection for kernel color. We conducted a genome-wide 49 association study of maize kernel color, as determined by colorimetry, in 1,651 yellow and 50 orange inbreds from the Ames maize inbred panel. Associations were found with y1, 51 encoding the first committed step in carotenoid biosynthesis, and with dxs2, which encodes 52 the enzyme responsible for the first committed step in the biosynthesis of the isoprenoid 53 precursors of carotenoids. These genes logically could contribute to overall carotenoid 54 abundance and thus kernel color. The lcyE and zep1 genes, which can affect carotenoid 55 composition, were also found to be associated with colorimeter values. A pathway-level 56 analysis, focused on genes with a priori evidence of involvement in carotenoid biosynthesis 57 and retention, revealed associations for dxs3 and dmes1, involved in isoprenoid biosynthesis; 58 ps1 and vp5, within the core carotenoid pathway; and vp14, involved in cleavage of 59 carotenoids. Collectively, these identified genes appear relevant to the accumulation of 60 kernel color. 61 62
; reviewed in Simpungwe et al. 85 2017) . For the consistent and facilitated development of biofortified, provitamin A-dense 86 maize varieties that meet target nutrient levels and also have strongly orange endosperm, it 87 is important to identify and dissect the genetic loci underlying kernel color, including as 88 relates to carotenoid content and composition. Relatedly, genetic loci showing consistent 89 associations with darker orange color could in turn be targets for marker-assisted selection 90 (MAS), in parallel with selection for provitamin A levels (Harjes et al. 2008; Yan et al. 2010 ; 91 Menkir et al. 2012 ) and improved or maintained agronomic performance (Bouis and Welch 92 7 measurements called for in certain stages of a breeding program (Diepenbrock and Gore 131 2015). For example, measurement methodologies that are still quantitative but less resource-132 intensive may have particular utility in the initial stages of breeding, in which large numbers 133 of progeny are typically evaluated (Jaramillo et al. 2018 , Ikeogu et al. 2017 ). However, it is 134 important to understand the genetic loci underlying kernel color traits, particularly if 135 colorimetry is to be used as a pre-screening tool in early-stage selections, so as not to select 136 against favorable alleles at loci controlling provitamin A levels (or other compositional traits 137 of importance to human health and nutrition). 138
Gradation in orange kernel color was previously visually scored on an ordinal scale, 139 on bulks of kernels sampled from maize ears of 10 recombinant inbred line (RIL) families of 140 the U.S. maize nested association mapping (NAM) population (McMullen et al. 2009 ). This 141 study identified QTL for kernel color, which also mapped to regions containing carotenoid 142 biosynthetic pathway genes (Chandler et al. 2013) . Three QTL studies in other cereals 143 identified intervals that were associated with colorimeter measurements of wheat endosperm, 144 wheat flour, and sorghum endosperm, and that were in the vicinity of genes with putative 145 involvement in carotenoid accumulation (Fernandez et al. 2008 , Blanco et al. 2011 , Zhao et 146 al. 2013 ). These findings, combined with the rapid, inexpensive, and quantitative nature of 147 colorimetric measurements, suggest that colorimetry may be a feasible method for 148 quantification of maize kernel color in breeding programs, including for genetic analyses. 149 A colorimeter is an instrument that converts reflectance measurements into values 150 that correspond to human perception of color. The CIELAB (L*a*b*) system is based on 151 color-opponent theory, or color being perceived by the following pairs of opposites (Hunter 152 and Harold 1987). The L axis represents a light to dark scale where positive values are lighter 153 and negative values are darker. The "a" axis represents a greenness to redness scale where 154 positive values are more red and negative values are more green. The "b" axis represents a 155 yellowness to blueness scale where positive values are more yellow and negative values are 156 more blue. Chroma is calculated from "a" and "b" values (Berger-Schunn 1994). Chroma 157 represents the saturation or vividness of color, and hue represents the basic perceived color 158 (whether the color would be called green or orange, for example) ( Colorimetric methods were used in this study to genetically dissect the kernel color 165 of 1,651 inbred lines from the Ames maize inbred panel (Romay et al. 2013 ). This study was 166 conducted to 1) investigate the regions of the maize genome influencing kernel color using a 167 genome-wide association study (GWAS), and 2) determine whether pathway-level analysis 168 reveals additional associations with carotenoid-related genes. 169
MATERIALS AND METHODS 171

Experimental Design and Phenotypic Data 172
We grew a 2,448 experimental inbred line subset of a population consisting of 2,815 173 year; row(year)lm is the effect of the mth row within the lth year; block(set × year)kln is the 217 effect of the nth block within the lth set within the kth year; and εijklmn is the residual error 218 effect assumed to be independently and identically distributed according to a normal 219 distribution with mean zero and variance σε 2 ; that is, ~iid N(0, σε 2 ). Degrees of freedom were 220 calculated using the Kenward-Roger approximation (Kenward and Roger 1997) . Except for 221 the grand mean and check term, all other terms were fitted as random effects according to 222 ~iid N(0, σ 2 ). Studentized deleted residuals (Neter et al. 1996 ) generated from these mixed 223 linear models were examined to remove significant outlier observations based on the 224 Bonferroni correction at the α = 0.05 level of significance. Once significant outliers were 225 removed, plot-level averages were calculated for each trait. (Table S1) (Table S2 ). The Box-Cox procedure was performed using the 241 MASS package version 7.3-50 in R, with the evaluated lambda values ranging from -2 to +2 242 in increments of 0.5 to select the optimal convenient lambda for each trait. A lambda value 243 of '2' (square transformation) was obtained for hue and L*, whereas a lambda value of '1' 244 (no transformation) was obtained for a*, b*, and C*.
Genome-wide association study 246
A GWAS was conducted for each of the five traits using the single-nucleotide 247 polymorphism (SNP) data set developed using the genotyping-by-sequencing (GBS) 248 platform for the Ames panel (Romay et al. 2013 ). The GBS marker data set used in this study 249 consisted of partially imputed SNP genotypic data with B73 AGPv4 coordinates 250 (ZeaGBSv27_publicSamples_imputedV5_AGPv4-161010.h5, available at panzea.org). 251
Additional quality filters were imposed to retain SNPs with a call rate greater than 70%, 252 minor allele frequency (MAF) greater than 2%, and inbreeding coefficient greater than 80%, 253 resulting in a final dataset of 268,006 high-quality SNPs. In addition, inbred lines with lower 254 than a 40% call rate were excluded. 255 
Data availability 287
Phenotypes are provided in Tables S1 and S2 in the form of untransformed and 288 transformed BLUPs. The GBS sequencing data are available at NCBI SRA (study accession 289 number SRP021921). The SNP marker data are available at panzea.org, and accession names 290 are listed in Tables S1 and S2. 291
RESULTS 292
All of the colorimeter traits were highly heritable, with line-mean heritabilities 293 ranging from 0.75 to 0.89 (Table 1) . Hue values were positively correlated with L* (r = 0.75) 294 and negatively correlated with a* (r = -0.94). Chroma and b* values were strongly positively 295 correlated (r = 0.99) ( Table 2 ). This correlation is likely due to b* values contributing most 296
to Chroma (intensity of color), given the larger magnitude of b* relative to a* and the equal 297 weighting of these two traits in the calculation of Chroma, whereas a* values corresponded 298 more to hue (perceived color) in this data set. 299 A total of 27 unique SNPs were identified in GWAS for the five kernel colorimeter 300 traits at an FDR-adjusted P-value of 5% (Table S3 ). Associations were detected for two genes 301 involved in the provision of substrate for carotenoid biosynthesis. A single SNP was detected 302 within (i.e., in the coding region of) a gene encoding 1-deoxy-D-xylulose 5-phosphate 303 synthase (dxs2), the first and committed step in the isoprenoid biosynthetic pathway, with 304 significant associations for a* and hue (Table 3) . Two SNPs significantly associated with a* 305 were detected within a gene encoding phytoene synthase (y1), the first and committed step 306 in the biosynthesis of carotenoids. 307
Two genes in the core carotenoid pathway were also identified. Two significant SNP 308 associations were detected for hue within the gene encoding lycopene ε-cyclase (lcyE), which 309 affects the partitioning of substrate into the α-and βbranches of the carotenoid pathway. A 310 significant SNP associated with a* was located near the gene encoding zeaxanthin epoxidase 311 (zep1), approximately 25 kb downstream of the gene. Zeaxanthin epoxidase converts 312 zeaxanthin to antheraxanthin and subsequently violaxanthin, all within the β-branch of the Twenty-one SNPs having significant associations with one or more traits did not 315 have an a priori candidate gene within the ± 50 kb search space. These search spaces were 316 subsequently examined, in case they contained other genes having plausible biological 317 involvement with kernel color. Briefly, three significant SNPs for a* were proximal to 318 GRMZM2G063663 (chr. 1). The product of this gene model was found to have 96% 319 identity at the protein level with cytochrome P450 14 (CYP14, encoded by lut1, 320 GRMZM2G143202). Three other significant SNPs for a* were proximal to a gene that 321 encodes isopentenyl transferase (ipt10, GRMZM2G102915, chr. 6) and is expressed in the 322 endosperm of B73 (Andorf et al. 2016 ). IPT transfers the five-carbon isoprenoid moiety 323 from DMAPP, an isomer of IPP (Figure 1) , to a certain position on tRNAs. Finally, one 324 significant SNP for b* and two significant SNPs for chroma were proximal to a gene 325 encoding enolase (enolase1, eno1, GRMZM2G064302, chr. 9), the penultimate enzyme in 326 glycolysis. This gene was highly expressed in endosperm of B73 (Andorf et al. 2016) . 327
We conducted a pathway-level analysis in which only SNPs within ± 50 kb of an a 328 priori gene for carotenoid biosynthesis and/or retention were tested. This analysis revealed 329 additional associations for colorimeter traits with all four of the carotenoid genes identified 330 in GWAS: two SNPs in the coding region of dxs2, four SNPs in the coding region of y1, nine 331 SNPs in the coding region of lcyE, and three SNPs proximal to zep1 (Table 4, Table S4 ). 332
Additional associations were identified through pathway analysis in regions proximal 333 to a number of genes not identified in GWAS. An association was found for Chroma in the 334 vicinity of another gene that encodes DXS (dxs3, chr. 9). Two SNPs were significant for hue 335 in the vicinity of 4-diphosphocytidyl-2C-methyl-D-erythritol synthase (dmes1, chr. 3), 336 another gene in the isoprenoid biosynthetic pathway. Within the core carotenoid pathway, 337 two additional genes were identified for a*: lycopene β-cyclase (lycB, ps1, vp7, chr. 5) and 338 phytoene desaturase (vp5, chr. 1). Finally, a gene related to carotenoid cleavage, encoding 9-339 cis-epoxycarotenoid dioxygenase (NCED) (vp14, chr. 1), was identified for L*. of dxs2 and y1 in this study indicates that genetic variation at these loci is associated with kernel color, likely due to the role of these genes in substrate provision for the biosynthesis 361 of pigmented carotenoids. These genes merit further examination given that dxs2 and y1 362 respectively encode the first and committed steps in the IPP (precursor) pathway and the core 363 carotenoid pathway, and showed the most significant statistical associations in this study. In 364 particular, investigation of the main effects and any interaction effects of these two genes in For lcyE, encoding a protein that acts at the key pathway branch point, associations 383 were indeed seen in the Goodman-Buckler panel for two ratio traits (β-branch to α-branch 384 carotenoids, and β-branch to α-branch xanthophylls) as well as lutein, zeaxanthin, total α-385 xanthophylls, and total β-xanthophylls. An allele of lcyE with reduced expression was found 386 to result in the formation of fewer ε-rings and a reduction in α-branch compounds relative to 387 β-branch compounds (Harjes et al. 2008) . Similarly to lcyE, associations with zep1-388 encoding a protein that acts within the β-pathway branch-were seen in the Goodman-389
Buckler panel for the ratio trait of β-branch to α-branch xanthophylls, as well as zeaxanthin 390 and total β-xanthophylls. 391
Taken together, the identification of dxs2 and y1 (genes involved in overall substrate 392 provision) in the present study suggests that kernel color can be utilized to select for greater 393 carotenoid abundance in general. However, the simultaneous identification of lcyE and zep1 394 (genes involved in carotenoid composition) suggests that the relative abundance of individual 395 carotenoid compounds is likely to also be affected when selecting on kernel color. Therefore, 396 the levels of individual carotenoid compounds will need to be monitored when colorimetry 397 is applied as an early selection tool for lines having favorable orange color, to ensure that the 398 favorable genetic variants needed for the maintenance or improvement of provitamin A levels 399 are also retained. For example, the concentrations of the more abundant provitamin A 400 carotenoids in maize grain, β-carotene and β-cryptoxanthin, might be increased 401 simultaneously with orange kernel color if substrate were to be modulated via lcyE to flow 402 preferentially through the β-branch of the pathway. Alternatively or in addition, favorable 403 alleles of the gene encoding β-carotene hydroxylase (crtRB1), which converts β-carotene to 404 β-cryptoxanthin to zeaxanthin, could be selected that favor accumulation and retention of 405 these provitamin A compounds while also producing sufficient zeaxanthin to obtain the vivid 406 orange color. 407
While there are many cytochrome P450s in the maize genome, the high level of 408 homology between the product of GRMZM2G063663 and CYP14, which acts within the α-409 branch of the carotenoid pathway, suggests that this gene is a candidate for further 410 examination. Regarding isopentenyl transferase (IPT), its activity has been found in maize to 411 affect the distribution of aleurone vs. starchy endosperm layers (Geisler-Lee and Gallie 412 2005). Certain aleurone-deficient mutants have been found to be deficient in carotenoids, and 413 it has been suggested that there may be some functional connection between aleurone 414 differentiation and carotenoid biosynthesis (reviewed in Gontarek and Becraft 2017). The 415 finding of signals proximal to ipt10 in this study for kernel color suggests a potential genetic 416 target for the further investigation of that hypothesis. Finally, the product of enolase-417 phosphoenylpyruvate (PEP)-has many potential metabolic routes. Nevertheless, the action 418 of enolase resides only two steps prior to that of DXS (which takes pyruvate as one of its 419 substrates), and PEP is an important precursor for isoprenoid biosynthesis. An engineering 420 strategy in E. coli that increased PEP concentrations was found to increase levels of lycopene, 421 the carotenoid compound that sits at the pathway branch point (Zhang et al. 2013 ). While 422 enolase1 may have underlaid associations with kernel color in this GWAS, it may not be a 423 viable breeding target given the relatively higher likelihood of complex and/or unfavorable 424 pleiotropic effects within central metabolism. 425
The pathway-level analysis conducted in this study revealed a number of additional 426 genes significantly associated with color. Notably, an association with dxs3 suggests that this 427 gene, in addition to dxs2, may play a role in the accumulation of carotenoids in the maize 428
kernel. An association was found with dmes2, which encodes 4-diphosphocytidyl-2C-429 methyl-D-erythritol synthase, the third step in the MEP pathway. The gene encoding this 430 enzyme in A. thaliana, present in a single copy and termed MCT, has been found along with 431 certain other MEP pathway genes to have very low seed expression levels in certain 432 developmental stages, in a manner that may be limiting to carotenoid biosynthesis (Meier et 433 al. 2011) . In this study, the associations with isoprenoid pathway genes are an indication that 434 the genetic control of the provision of IPP, a precursor for biosynthesis of carotenoids and 435 other isoprenoids, is relevant to kernel color. 436
Three genes underlying classical viviparous maize mutants were identified in this 437 study: vp5, encoding PDS (Hable et al. 1998 ); vp7, encoding LCYB (Singh et al. 2003) ; and 438 vp14, encoding NCED ). These three genes were previously recognized as 439
Class Two viviparous mutants, which in addition to vivipary (precocious germination) 440 exhibit altered endosperm and seedling color due to effects on carotenoid and chlorophyll 441 biosynthesis (Robertson 1955) . These three mutants have also been found to be deficient in 442 ABA (McCarty 1995; Schwartz et al. 1997 ). The action of PDS and LCYB takes place prior 443 to and coincident with the pathway branch point, respectively. The two corresponding 444 mutants are also deficient in carotenoids (McCarty 1995) , which would tend to affect kernel 445 color if the pigmented carotenoids are among those depleted. NCED acts within the β-446 pathway branch, cleaving 9-cis-xanthophylls to xanthoxin , which is then 447 converted to ABA. The vp14 mutant was found to have reduced levels of zeaxanthin 448 compared to wild type, though levels of the immediate substrates of NCED were unaffected 449 . Given the finding of an effect on zeaxanthin levels, and the general action All correlations were significant at α = 0.01. 733 Table 3 Carotenoid-related genes identified through genome-wide association study of five kernel colorimeter traits in the Ames maize inbred panel, and the most significant SNP for each trait-by-gene combination. 
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